Abstract
Introduction
The need of high power converter, and the growth of modern power semiconductor switches such as power MOSFET and IGBTs boost the research interest in power converters such as multilevel voltage source inverters (MVSI) and its dual circuit, multilevel current source inverters (MCSI). They are capable to generate a high output power with lower gradient voltage or current, and higher quality of output waveforms resulting in less EMI noise and smaller size of output filter required by the converter [1] - [4] . The designation of multilevel ineverter includes the three-level inverter circuits, and the inverters with more level number of output waveform. Many topologies of multilevel inverters especially MVSI circuits have been presented and developed by researchers. Three major variants of MVSI topologies have been presented in the literatures. These topologies are the cascaded H-bridges MVSI with separate DC power sources, diode clamped MVSI, and flying capacitors MVSI topologies [1] - [5] . The configuration of cascaded Hbridge MVSI has a great advantage with its modular circuit configuration. Nevertheless, the requirement of isolated DC power sources, and the power switching device count can be the shortage of this inverter. The topology of diode clamped MVSI has been widely used in high power application such as high power motor drive. The third topology is the flying capacitor MVSI. The number of the capacitors used in the flying capacitor MVSI will cause problems such as the voltage balancing control of the intermediate level voltages. Another variant of MVSI, i.e. hybrid topology have been developed to eliminate some drawbacks in the three main topologies of MVSI previously defined.
A circuit configuration of MVSI achieved using series-connected sub-multilevel converter blocks and H-bridge inverter was presented in [6] . Reference [7] described a MVSI applying H-bridge VSI and additional bidirectional power switches. Nevertheless, the bidirectional power switches used in the inverter circuit configurations presented in [6] and [7] can be the lack of the circuits. In practical, the bidirectional power switches built by using configuration of two controlled power switches or combination of a single switch and four power diodes will increase the losses of the inverter. Another configuration of MVSI attained from the connection of several two-level power cells was presented in [8] . The requirement of many controlled power switches, and splitted DC voltage sources will add the cost and circuit complexity of the inverter. Reference [9] conveyed a symmetrical hybrid MVSI composed using three-level cells and H-bridge inverter. Total, eight power switches are required to create a fivelevel inverter circuit. In this paper, a different configuration of five-level hybrid VSI developed using H-bridge inverter and DC-voltage modules, is proposed. In the proposed topology, the DC voltage modules are connected in series. As a result it is possible to utilize non isolated DC voltage sources. All of the controlled power switches are a single switch (single IGBT or power MOSFET). The operation and performance of the proposed five-level hybrid VSI was examined and verified through computer simulations using PSIM Software and experimentally in laboratory prototype. Figure 1 shows the circuit configuration of the DC-voltage module, and its basic operation [10] . The proposed multilevel VSI is achieved by connecting the H-bridge inverter with single or more DC-voltage modules to generate a multilevel voltage waveform. 
Proposed Inverter Circuit Configuration and Its Principle Operation

Operation Principle of Proposed Inverter Circuit
In the proposed inverter topology, a single-phase five-level VSI needs a single DCvoltage module and an H-bridge inverter with total six power switches. Table 1 
Pulse Width Modulation Technique
In order to generate a better output voltage waveform, a pulse width modulation (PWM) technique is utilized in the the proposed inverter circuits. In this paper, multi-triangular carrier waveforms with level-shifted sinusoidal PWM technique is employed to generate the gating signals for the inverter power switches as shown in Figure 3 and Figure 4 . All triangular carrier waveforms are in phase, and with the same frequency. The frequency of the output current waveform is determined by the reference sinusoidal waveform, which is also the fundamental frequency of the PWM voltage waveform. The frequency of the triangular carrier waveform determines the switching frequency of inverter circuits [10] - [12] . Figure 4 . Level-shifted multi-carrier based sinusoidal PWM
Results and Analysis
Computer simulations and experimental tests are conducted in order to examine the operation of the proposed inverter circuits by using PSIM software. This part presents some computer simulation and experimental test results of the proposed hybrid five-level VSI. The simulation parameters are presented in Table 2 . The single-phase hybrid five-level VSI as shown in Figure 2 is tested. The hybrid five-level VSI circuit is connected with an inductive load, i.e. resistor R = 20 Ω, and inductor L = 5 mH. The switching frequency of the inverter's switches is chosen to be 22 kHz in order to avoid switching noise. The frequency of the output current is 60 Hz. The magnitude of the DC-voltage source is 100 V, each. Figure 5 shows the computer simulation test results of the proposed hybrid five-level VSI. It can be seen that a proper fivelevel PWM voltage waveform was delivered to the load by the proposed inverter circuits. A sinusoidal load current waveform, ILoad, also flows through the load.
In order to verify the operation of the proposed hybrid five-level VSI configuration experimentally, a laboratory prototype of the hybrid five-level VSI was set-up using MOSFETs as power switches. The test parameters of the experimental circuits are similar with the computer simulation parameters as shown in Table 2 . The DC input voltage sources of the inverter are obtained from two-DC power supllies. Figure 6 shows the prototype of the hybrid five-level VSI, presenting the main power inverter circuits. 
Conclusion
In this paper a different circuit configuration of hybrid five-level VSI has been introduced and discussed. The proposed hybrid five-level VSI incorporates DC-voltage modules and threelevel H-bridge VSI to produce a five-level voltage waveform. Minimum count of power switches required to construct this topology is a feature of the proposed inverter. Based on computer simulations and experimental test results, it has been confirmed that the proposed hybrid fivelevel VSI circuits works properly generating a five-level voltage waveform. A low distorted sinusoidal load current waveform was also attained using the proposed inverter.
